The condensin complex in frog extracts, containing two SMC (structural maintenance of chromosomes) and three non-SMC subunits, promotes mitotic chromosome condensation, and its supercoiling activity increases during mitosis by Cdc2 phosphorylation. Here, we report that fission yeast has the same five-member condensin complex, each of which is essential for mitotic condensation. The condensin complex was purified and the subunits were identified by microsequencing. Cnd1, Cnd2, and Cnd3, three non-SMC subunits showing a high degree of sequence conservation to frog subunits, are essential for viability, and their gene disruption leads to a phenotype indistinguishable from that observed in cut3-477 and cut14-208, known mutations in SMC4 and SMC2-like subunits. Condensin subunits tagged with GFP were observed to alter dramatically their localization during the cell cycle, enriched in the nucleus during mitosis, but cytoplasmic during other stages. This stage-specific alteration in localization requires mitosis-specific phosphorylation of the T19 Cdc2 site in Cut3. The T19 site is phosphorylated in vitro by Cdc2 kinase and shows the maximal phosphorylation in metaphase in vivo. Its alanine substitution mutant fails to suppress the temperature-sensitive phenotype of cut3-477, and shows deficiency in condensation, probably because Cut3 T19A remains cytoplasmic. Therefore, direct Cdc2 phosphorylation of fission yeast condensin may facilitate its nuclear accumulation during mitosis.
Chromosome condensation is an enigmatic phenomenon in mitosis (Bak et al. 1977) . Its occurrence is an essential step before subsequent sister chromatid separation in anaphase (for review, see Murray 1998) . Condensed chromosomes at metaphase, containing duplicated sister chromatids and folded many times, are ready for separation when the sister kinetochores are properly associated with the bioriented spindle microtubules (Yanagida 1998) . Condensed chromosomes should have structures significantly different from those in interphase, but their detailed features are little understood. DNA topoisomerase II (topo II) and subtypes of SMC (structural maintenance of chromosomes; Strunnikov et al. 1995) proteins are known to be required for condensation (Uemura et al. 1987; Adachi et al. 1991; Hirano and Mitchison 1993,1994; Saka et al. 1994; Strunnikov et al. 1995 ; for review, see Saitoh et al. 1995) . The SMC proteins are highly conserved in evolution (Hirano 1998; Jessberger et al. 1998; Strunnikov 1998) , with frog XCAP-E, budding yeast Smc2p, and fission yeast Cut14 constituting one subtype, and XCAP-C, Smc4p, and Cut3 forming another subtype. Condensin complex containing SMC2 and SMC4 was first identified in frog cell extracts as a five-member complex and shown to be essential for an in vitro reconstitution system of mitotic chromosome condensation (Hirano and Mitchison 1994; Hirano et al. 1997) . Three other non-SMC subunits of frog condensin were identified by microsequencing individual subunits Kimura et al. 1998 ; the XCAP-G sequence is available in GenBank, accession no. AF111423). The frog condensin has an ATPdependent in vitro activity that promotes positive supercoiling of DNA, which is thought to be important for chromosome condensation (Kimura and Hirano 1997) .
Fission yeast mutants cut3-477 and cut14-208 are defective in chromosome condensation as well as sister chromatid separation (Saka et al. 1994; Yanagida 1998) . Their phenotypes highly resemble that of top2 mutants, deficient in the topo II activity (Uemura and Yanagida 1986) . FISH has been applied successfully to visualize condensation in wild-type chromosomes using cosmid probes derived from the arm of chromosome II; severalfold folding of the rod-like arm into the spherical condensed arm was observed in wild-type mitosis, but was entirely deficient in cut14-208 mutant cells (Saka et al. 1994) . Nuclear chromatin in these mutant cells was found to be sensitive to single strand-specific S1 nuclease, suggesting that these proteins may have some role in forming a particular chromatin DNA conformation (Sutani and Yanagida 1997) . Cut3 and Cut14 formed a stable complex upon overproduction, and the purified heterodimeric complex possessed an extremely efficient in vitro DNA renaturation activity, forming duplex DNA from complementary single-stranded DNAs (Sutani and Yanagida 1997) . This activity may have physiological significance as a complex containing mutant protein exhibiting renaturation activity only at permissive temperature. This in vitro activity, however, did not require ATP and was dependent on the presence of the central coiled-coil region. These studies suggested that the unwinding and rewinding of chromosomal DNA is important for chromosome condensation. However, the heterodimeric complex was not sufficient to promote the ATP-dependent supercoiling reaction (T. Sutani and M. Yanagida, unpubl.) .
In this study our initial aim was to determine whether fission yeast has the same condensin complex as in frog; prior to this, condensin has not been isolated in other organisms. We show that fission yeast has the same fivemember condensin complex. Genes for three non-SMC proteins, Cnd1, Cnd2, and Cnd3, were cloned by microsequencing of isolated proteins. Disruption of these three non-SMC genes revealed that they are essential for viability. Furthermore, gene disruption caused defects in mitotic chromosome condensation, indistinguishable from that of cut3 and cut14 mutants. We propose that the two non-SMC subunits Cnd1 and Cnd3 may function to link Cut3 and Cut14 based on the sequence similarity to AP3-␤, which is required for proper clathrin assembly. We show that fission yeast condensin subunits are shuttled between the cytoplasm and the nucleus during the cell cycle. This shift in localization requires the T19 Cdc2 site in the Cut3 protein. We discuss the significance of Cdc2 phosphorylation of condensin for mitotic chromosome condensation in fission yeast.
Results

Immunoprecipitation of HA-tagged Cut3 and Cut14
For immunoprecipitation of condensin subunits, plasmid carrying the cut3 + gene tagged with 3× HA and 6× His at the carboxyl-terminus was made and integrated into the chromosome of Schizosaccharomyces pombe mutant cut3-477 using the ura4 + marker (schematized in Fig. 1A . The carboxy-terminal mutation site in cut3-477 is indicated by a cross). Integration of the tagged cut3 + gene was confirmed by the Ts + /Ura + phenotype of transformed integrated cells (Cut3-3HAH6). Immunoblotting of Cut3-3HAH6 extracts using antibodies against HA revealed a protein band at the expected molecular mass (155 kD; Fig. 1B, lane 1) . No band was detected in the nonintegrated wild-type 972 strain (lane 3). Plasmid carrying the cut14 + gene tagged with 3HA-6His was also made, and integrated into the chromosome of the cut14-208 mutant (the mutation site is also in the carboxylterminus); the expected Cut14-3HA6His band could be detected in Ts + /Ura + -integrated cells (130 kD; lane 2). These results demonstrate that Cut3-3HAH6 and Cut14-3HAH6 proteins can functionally replace the wild-type proteins.
Immunoprecipitation of these integrated strains was done using anti-HA antibodies (with wild-type 972 as a negative control). The efficiency of immunoprecipitation was ∼20%-50% (high yields were obtained with increasing amounts of anti-HA antibodies). Individual polypeptides could be distinguished in immunoprecipitates (Fig. 1C,D) . Several polypeptides of high molecular masses (Fig. 1D , asterisks) not present in the 972 control could be clearly recognized in extracts of the Cut3-3HAH6 and Cut14-3HAH6 strains. Three polypeptides, designated p128, p105, and p100, were common to the precipitates obtained from the two integrant strains. Three other bands (p155, p145, and p125) were seen only in the precipitates using the Cut3-3HAH6 cell extracts. p155 and p145, respectively, appear to be the full-length and amino-terminally cleaved forms of Cut3-3HAH6, judging from the immunoblot patterns using anti-Cut3 antibodies, whereas p125 represented the untagged Cut14. Three bands, p150, p140, and p130, were specific to the precipitates obtained from the Cut14-3HAH6 strain. p150 and p140 were the untagged Cut3 and its degradation product, respectively, whereas p130 was the tagged Cut14. These predictions were confirmed by immunoblotting (data not shown).
Identification of three unknown protein components, p128, p105, and p100, was done by microsequencing of the polypeptides prepared by large-scale immunoprecipitation (described below). They were likely to be components of the condensin complex as they could be commonly immunoprecipitated with Cut3 and Cut14. Onestep affinity chromatography of the tagged Cut14 protein from a Ni column was done using various concentrations of imidazole for elution. The highest purification obtained was ∼100-fold. Because immunoprecipitation gave sufficient purity of the protein bands, the His tag was not used for large-scale preparation.
Identification of three non-SMC components by microsequencing
Immunoprecipitation was done on a large scale using 5 × 10 10 cells of Cut3-3HAH6 (described in Materials and Methods). Approximately 1-3 µg each of p128, p105, and p100 proteins was obtained. Polypeptide bands were cut from the gel and subjected to peptide sequence analysis after digestion with an endopeptidase (Achromobacter protease I) specific for the carboxyl-terminus of lysine residues. Two to four peptide sequences were obtained for p100, p105, and p128, as shown in Table 1 . The molecular masses of the peptides measured by mass spectrometry were well matched with those calculated for the amino acid sequences determined. The sequences obtained from p100 and p105 showed 100% match with genes already present in the genome database of S. pombe (the Sanger Centre Project). To obtain the identity of the remaining gene corresponding to p128, gene cloning based on the peptide amino acid sequences was necessary (described below).
p128 is the product of cnd1
+ required for condensation
The cloning of the gene for p128 was accomplished with degenerated PCR (Materials and Methods). A 1.8-kb ge- nomic fragment was obtained, and nucleotide sequencing verified the presence of a single reading frame containing all the peptide sequences determined for p128. A 7.3-kb fragment containing the full-length genomic coding region was obtained by subcloning a cosmid c35 from the long arm of chromosome II. Nucleotide sequencing indicated that the gene for p128 contained 1158 amino acids (calculated molecular mass, 131 kD) with two putative introns in the amino-terminus; part of the sequence is shown in Figure 2A . The gene coding for p128 was designated cnd1 + (condensin subunit). Predicted amino acid sequences similar to Cnd1 were found in budding yeast YLR272c and frog XCAP-D2. These sequences are 30%-40% identical, with the highest similarity in the carboxy-terminal regions. They are commonly acidic (pI of Cnd1 is 5.0). Frog XCAP-D2 was reported to be a component of condensin (Kimura et al. 1998) diploid was obtained. Integration was verified by Southern hybridization. Tetrad dissection of the heterozygous diploid cells indicated that only the two Ura − spores were viable, whereas the two disrupted Ura + spores did not produce colonies at 26°C and 33°C. These results indicated that cnd1 + is absolutely required for viability. cnd1-disrupted cells were examined by DAPI staining for DNA, anti-Sad1 (SPB), and anti-tubulin (TUB) antibody staining for SPB and microtubules, respectively, in liquid cultures in the absence of uracil so that only disrupted cells could germinate. Germination took place after 6 hr and cnd1-disrupted cells entered M phase after 10 hr. Most M-phase cells exhibited defects in chromosome condensation (Fig. 3A) ; the wild-type control is shown in Figure 3D . The spindle was elongated, but extended chromosomes (DAPI) along the spindle neither condensed nor separated. These aberrant mitotic chromosomes were highly similar to those found in cut14-208 or cut3-477 mutants deficient in chromosome condensation.
p105, the product of Barren-like cnd2
+ is essential for condensation p105, encoded by cnd2 + , consists of 742 amino acids (predicted molecular mass, 83 kD) and resembles Drosophila Barren (Bhat et al. 1996) , which has been reported to interact with DNA topo II. Hirano et al. (1997) showed that frog XCAP-H, a component of condensin, was similar to Barren. Related sequences are also present in the databases of budding yeast (YBL097w), Arabidopsis, and human. Portions of the yeast, fly, and frog sequences are compared with Cnd2 in Figure 2B . The amino-terminal domains of the yeast sequences highly resemble each other, whereas the carboxyl termini in all four sequences are similar. These sequences are commonly acidic (pI of Cnd2 is 4.6) as with Cnd1. Gene disruption of cnd2 + was accomplished by replacement of the 0.9-kb HpaI fragment in the coding region of cnd2 + with the S. pombe ura4 + gene (see Materials and Methods). Sporulation and tetrad dissection of the integrated heterozygous diploid cells (confirmed by Southern blot analysis) indicated that the two Ura − spores were viable, whereas the two Ura + spores did not produce colonies at 26°C and 33°C, demonstrating that cnd2 + is essential for viability. Disrupted cells were stained with DAPI, SPB, and TUB antibodies. M-phase cells showed defects in both chromosome condensation and separation, indistinguishable from cnd1-null, cut3, and cut14 mutants (Fig. 3B) .
Recently, we isolated a temperature-sensitive mutant cnd2-CN385, which was mapped identically at the cnd2 locus and rescued by integration of the cnd2 + gene on the chromosome (Materials and Methods). The temperaturesensitive phenotype of cnd2-CN385 was fully suppressed by plasmid carrying the cnd2 + gene. The mitotic defect of cells cultured at 36°C for 4 hr produced chromosomes deficient in condensation, indistinguishable from that of cnd2 null shown in Figure 3B or cut14-208 at 36°C (Saka et al. 1994) .
p100 is the product of cnd3 + required for condensation
The predicted sequence of the cnd3 + gene coding for p100 has 875 amino acids (predicted molecular mass, 101 kD) and is similar to Xenopus XCAP-G and budding yeast YDR325w (see Fig. 2C ). A Drosophila partial ORF sequence, resembling Cnd3 is present in the database. They are also acidic proteins (pI of Cnd3 is 4.6). Gene disruption of cnd3 + was done by one-step replacement (Materials and Methods), and heterozygous diploids containing the disrupted gene were verified by Southern hybridization. Analysis revealed that only two Ura − spores were viable, indicating that the cnd3 + gene is also essential for viability. Spores were germinated in liquid culture in the absence of uracil, and germinated cells were observed by DAPI, SPB, and TUB antibody staining (Fig.  3C) . Aberrant mitotic cells displaying defects in chromosome condensation were observed at high frequency. Chromosomes were extended along the spindle as seen in disrupted cells of cnd1 + , cnd2 + , temperature-sensitive cut3, and cut14 mutants. Therefore, the cnd3 + gene is essential for chromosome condensation, like other non-SMC subunits. Cold Spring Harbor Laboratory Press on October 26, 2017 -Published by genesdev.cshlp.org Downloaded from
T19 Cdc2 kinase site in Cut3 is functionally essential
To examine whether fission yeast condensin might be regulated by Cdc2 kinase, we first searched for Cdc2 kinase consensus sites within the sequences of all five components. Three sites exist (19TPDR, 51TPSR, and 86TPSK) in Cut3 and one (47TPRR) in Cnd2, but none in the other three subunits. We then made systematic alanine substitutions for the Cdc2 sites in Cut3 (Fig. 4A) , namely, single T19A (ATT), T51A (TAT), and T86A (TTA) and double (AAT, ATA, TAA) or triple (AAA) substitutions. These mutant cut3 genes were placed under the inducible REP81 promoter and expressed in the wild type (h − leu1) at 33°C (Fig. 4B, left) . In the presence of thiamine (+T) the promoter is inactive, whereas in the absence of thiamine (−T) the promoter switches on, resulting in the production of ∼10-fold the endogenous level of Cut3; REP81 has the weakest activity among the three promoters (REP81, REP41, and REP1) used (Basi et al. 1993) . ATT, AAT, ATA, and AAA mutants were toxic in the absence of thiamine (−T), inhibiting colony formation of the wild-type h − leu1 strain at 33°C, whereas TAT, TTA, and TAA were not inhibitory, indicating that the substitution of T19A was the cause of the inhibition when overproduced. Substitutions of two other Cdc2 sites did not produce any recognizable defect. Observation of cells inhibited by overexpressed T19A mutations AAA or ATT revealed many aberrant mitotic chromosomal DNAs highly similar to those in cut14 or cut3 mutants deficient in chromosome condensation (Fig.  4C) . Overproduced T19A mutant protein thus led to the loss of the ability for condensation.
Mutations in the Cut3 T51 or T86 positions (TAT, TTA, or TAA) could still rescue the temperature-sensitive phenotype of the cut3 mutant at 36°C in the presence of thiamine ( Fig. 4B; right) , but the T19A substitutions (ATT, AAT, ATA, and AAA) failed to suppress the temperature-sensitive phenotype in the presence of thiamine. These results indicated that the T51A and T86A mutants are functional but T19A is not.
T19, the site of Cdc2 kinase in Cut3, is phosphorylated in mitosis
To determine whether T19 is actually phosphorylated, polyclonal antibodies (␣-T19PhCut3) were prepared against a chemically synthesized phosphopeptide PSIVDVphosphoT 19 PDRGER. Mitotically arrested (8 hr at 20°C) cell extracts of nda3-KM311 that contained the integrated cut3 + -HA gene were immunoprecipitated by anti-HA antibodies. Immunoprecipitates were immunoblotted by the affinity-purified phosphopeptide antibody ␣-T19PhCut3 or polyclonal antibody ␣-Cut3 against a Cut3 recombinant protein (Fig. 5A ). An intense band (lane 2) was observed in mitotically arrested extracts Immunoblotting of wild-type and various mutant extracts showed that phosphorylated Cut3 detected by ␣-T19PhCut3 was also present in nuc2-663 cells arrested at metaphase (Nuc2 codes for an APC/cyclosome subunit), but not in G 1 -arrested cdc10, S-phase-blocked cells by hydroxyurea (HU), or in G 2 -arrested cdc25 mutant cells (Fig. 5B) .
To further confirm that the T19 site is specifically phosphorylated during mitosis, the block and release experiment of the cdc25 mutant was done (Fig. 5C ). The intensity of the band detected by ␣-T19PhCut3 antibodies became maximal 30 min after the release to 26°C, the same timing for T316 Dis2 phosphorylation (Dis2 is a type 1 phosphatase catalytic subunit and highly phos- phorylated at T316 during metaphase; Ishii et al. 1996) , whereas the overall intensity of Cut3 and Cdc2 detected by ␣-Cut3 and PSTAIR antibodies, respectively, remained constant. The frequencies of cells containing two daughter nuclei without septation and cells with the septum, respectively, peaked at 50 and 80 min. These results established that the T19 site is maximally phosphorylated during metaphase.
Although the T19 residue is in the Cdc2 consensus, phosphorylation of T19 by Cdc2 kinase was tested experimentally in vitro. Purified Cut3 (Sutani and Yanagida 1997) was mixed and incubated with Cdc2 kinase bound to Suc1 beads in the presence of ATP (Fig.  5D ). ␣-T19PhCut3 antibodies could recognize Cut3 only after incubation with Cdc2 kinase in the presence of ATP, whereas control ␣-Cut3 antibodies detected Cut3 under any conditions. These results showed that T19 can be phosphorylated by Cdc2 kinase in vitro.
Non-SMC subunits shuttle between the cytoplasm and the nucleus
To determine intracellular localization, the cnd2 + gene was tagged with green fluorescent protein (GFP) at the carboxyl terminus and integrated into the chromosome under its native promoter, and its fluorescence was observed in living wild-type cells (Fig. 6A) . Cnd2-GFP expressed from the integrated gene appeared to alter its localization dramatically during the cell cycle. The GFP signal was cytoplasmic during interphase but became intensely nuclear during mitosis, judging from comparison with the stained nuclear DNA. Enhanced GFP fluorescence was found throughout the nucleus after mitotic entry and before septation. The rod-like structure seen at the end of nuclear division might represent a narrow midbody-like channel. Then, we examined localization of Cnd3-GFP using plasmid that expresses Cnd3-GFP Figure 5 . Phosphorylation at T19 identified by phosphopeptide antibodies. (A) Cells of cold-sensitive nda3-KM311 containing the integrated Cut3-3HAH6 gene were grown at 33°C (0 hr) and then arrested in mitosis by shifting to 20°C for 8 hr. Immunoprecipitation was done for extracts by anti-HA antibodies. Precipitates were immunoblotted using phosphopeptide antibodies (␣-T19Ph) raised against chemically synthesized phosphopeptide PSIVDVT(PO 3 H 2 ) PDRGER or polyclonal anti-Cut3 antibodies (␣-Cut3). A band corresponding to the full-length Cut3 position recognized by ␣-T19Ph was obtained only in mitotically arrested cells. ␣-Cut3 detected the full-length and amino-terminally cleaved forms. Immunoprecipitates prepared above were phosphatase treated (CIP, +) in the presence or the absence of phosphatase inhibitors. The band detected by ␣-T19Ph disappeared after phosphatase treatment; the band recognized by ␣-Cut3 remained at the same intensity. (B) Immunoblotting of extracts prepared from exponentially growing wild-type (asyn. wt), G 1 -arrested cdc10 mutant, HU-treated wild type blocked in S phase, G 2 -arrested cdc25 mutant, and M-phase-arrested nuc2 and nda3 mutant cells using ␣-T19Ph and ␣-Cut3 antibodies. Only M-phase-arrested cell extracts showed the T19-phosphorylated Cut3 band. (C) Synchronous culture by block and release of cdc25 mutant. G 2 -arrested cdc25-22 cells cultured at 36°C for 4.25 hr were released to 26°C, and cells were collected every 10 min. Extracts were immunoblotted using ␣-T19Ph, ␣-Cut3, ␣-T316Ph (against phosphorylated Dis2 at T316, Ishii et al. 1996) and ␣-PSTAIR (against Cdc2). The frequencies of cells with the septum and containing two nuclei without the septum were also measured. T19 phosphorylation peaked at metaphase. (D) Purified Cut3 protein (Sutani and Yanagida 1997) was incubated with Cdc2 kinase bound to Suc1 beads in the presence or absence of ATP, and detected by ␣-T19Ph or ␣-Cut3 antibodies. Cut3 was in vitro phosphorylated by Cdc2 kinase as detected by ␣-T19Ph.
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Cold Spring Harbor Laboratory Press on October 26, 2017 -Published by genesdev.cshlp.org Downloaded from under the repressed promoter of REP81 (in the presence of thiamine) in the background of the cnd3 null (the plasmid suppresses the cnd3-null phenotype). Cnd3-GFP was highly enriched in the mitotic nucleus like Cnd2-GFP, whereas it was located in the whole cell during interphase (Fig. 6B) . Localization of Cnd1, which was tagged with GFP at the carboxyl terminus, integrated on the chromosome, and expressed by the native promoter, was also examined. Fluorescent signals of Cnd1-GFP were located in the cytoplasm during interphase but enriched in the nucleus during mitosis (data not shown). All three non-SMC subunits were thus shuttled between the cytoplasm and the nucleus.
Cut3 and Cut14 also accumulate into the nucleus during mitosis
The above results suggested that the condensin complex alters localization during the cell cycle. To examine such a notion, localization of two SMC subunits, Cut3 and Cut14, was determined. For this purpose, the cut3 + -GFP gene under its native promoter was integrated into the chromosome, and Cut3-GFP was observed in living cells. Cut3-GFP was found to shuttle between the nucleus in mitosis and the cytoplasm in interphase (Fig.  6C ). This cytoplasmic-nuclear mobilization was confirmed by immunofluorescence microscopy of fixed cells integrated with the cut3 + gene tagged with Myc using anti-myc and SPB antibodies (Fig. 6D ). Cut3-Myc was found in the nucleus of mitotic cells (containing two SPBs). Similar results were obtained for Cut14-GFP, the gene of which was integrated and expressed under the native promoter (Fig. 6E) . These results showed that the two SMC subunits also accumulate into the nucleus during mitosis and behave similar to non-SMC subunits. These results are not in agreement with our previous observations obtained by polyclonal anti-cut3 antibody staining, which revealed nuclear localization throughout the cell cycle (Saka et al. 1994) . Although affinity purification of the antibodies was done in the previous study, reexamination of those antibodies indicated that the signal detected previously was due to a contaminating nuclear antigen. Localization of the present GFP-and Myc-tagged Cut3 is consistent with that of the tagged Cut14, Cnd1, Cnd2, and Cnd3.
Mitotic nuclear entry of condensin subunits depends on T19 Cdc2 site
To determine whether mitotic phosphorylation of Cut3 is involved in cell cycle-dependent localization, the alanine-substituted T19A Cut3 tagged with GFP was expressed in wild-type cells under the REP81 promoter in the absence of thiamine. Interestingly, Cut3 T19A-GFP signal did not accumulate in the nucleus during mitosis (Fig. 7A) . Mitotic chromosomes were aberrantly stretched instead, apparently defective for condensation (indicated by arrow). Consistent with this dominant-negative effect of overproduced T19A Cut3, integrated Cut14-GFP in cells, which overexpressed T19A Cut3, was also not able to accumulate in the nucleus (Fig. 7B) , suggesting that Cut14-GFP colocalizes with Cut3-T19A by direct association. Therefore, the T19 phosphorylation site might play a role in correctly localizing condensin components during mitosis.
Cut3 protein required for cell cycle-regulated localization
To examine whether Cut3 is required for localization of other condensin subunits in mitotic nuclei, mutant cells that deleted the cut3 + gene but expressed Cnd2-GFP were observed. To this end, a heterozygous diploid strain containing a cut3 null allele (Saka et al. 1994 ) was integrated chromosomally with the cnd2 + -myc gene (integration confirmed by PCR) and sporulated. Cells germinated in the culture medium lacking both leucine and uracil produced Cnd2-Myc in the genetic background of cut3 null. In these cells stained with anti-Myc antibodies, Cnd2-Myc was found to be cytoplasmic throughout the cell cycle. Nuclei in germinated cells, which showed aberrant, condensation-defective mitotic chromosomes, lacked the signal for Cnd2-Myc (data not shown). Control cells germinated in the culture medium containing uracil, which produced Cut3 protein, showed the nuclear Cnd2-Myc signal in mitotic cells. Cut3 is thus required for nuclear accumulation of Cnd2 in mitosis.
We found that the amino-terminal region of Cut3 has an important role for cell cycle-regulated localization. A small truncated amino-terminal 1-to 528-amino acid fragment expressed in wild-type cells was still able to shuttle between the nucleus and the cytoplasm (Fig. 7C) .
Only mitotic cells contained the nuclear GFP signal. The amino-terminal fragment was thus sufficient for cell cycle-dependent nuclear accumulation. However, the same 1-to 528-amino acid fragment, but containing the T19A substitution, expressed in the wild type could not accumulate in the mitotic nuclei (Fig. 7D) , resulting in GFP signal throughout the cell. The ability of the fragment for nuclear localization may thus require mitotic phosphorylation of T19.
An intriguing result was observed when the 1-to 528-amino acid fragment was expressed in a crm1-809 mutant at the restrictive temperature for 6 hr. It became localized in the nucleus at different cell cycle stages, including interphase (Fig. 7E) . The crm1 + gene is essential for nuclear export (e.g., Fukuda et al. 1997 ). Addition of leptomycin B (an inhibitor of Crm1) yielded a similar result. The amino-terminal-region of Cut3 contains one putative nuclear export signal (NES), 480LN-SEIADLSL489. Whether full-length Cut3 and other condensin subunits are also controlled by the crm1 + gene is under investigation.
Discussion
This study shows that the five-member condensin complex, first identified in frog , is present in S. pombe, a eukaryotic microbe in which mitotic chromosome condensation takes place, albeit to a lesser extent than in higher eukaryotes (Umesono et al. 1983; Saka et al. 1994 ). The S. pombe condensin complex was isolated by immunoprecipitation and analyzed by microsequencing. It contains, in addition to the two known SMC subunits Cut3 and Cut14, three more subunitsCnd1, Cnd2, and Cnd3. The calculated total molecular mass of the fission yeast condensin subunits (without the tag) was 600 kD. Sucrose gradient centrifugation indicated that the majority of the condensin subunits detected by anti-Cut3 and anti-Cut14 antibodies sedimented at ∼13S (Sutani and Yanagida 1997) , identical to the value reported for the frog condensin ; this demonstrated that a greater part of SMC subunits are in the form of the complex. A spherical protein complex of 600 kD should sediment around 17S-18S, suggesting that the fission yeast condensin has an asymmetrical shape, perhaps reflecting the coiled-coil structure of SMC proteins (Melby et al. 1998 ). The Cut3-Cut14 complex (calculated molecular mass, 290 kD) formed by overproduction of the two proteins peaked around the 8S position (Sutani and Yanagida 1997) .
Cnd1, Cnd2, and Cnd3 are similar to frog XCAP-D2, XCAP-H, and XCAP-G, respectively Kimura et al. 1998 ; GenBank accession no. AF111423). In this study we showed for the first time that these non-SMC subunits of condensin are essential for cell viability and also for mitotic chromosome condensation in vivo. These results are important in understanding condensation mechanisms, because the role of condensin in condensation has been explained often in relation to the shape and motifs of the SMC subunits. The Barren-like Cnd2 attracts attention because Drosophila Barren is re- Crm1 is required for nuclear export. GFP signal accumulated in both interphase and mitotic nuclei. Bar, 10 µm.
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Cold Spring Harbor Laboratory Press on October 26, 2017 -Published by genesdev.cshlp.org Downloaded from ported to interact with topo II (Bhat et al. 1996) . The relaxing activity of topo II is enhanced by the addition of Barren. The frog condensin isolated from mitotic cells demonstrates ATP-dependent activity for positive supercoiling of DNA (Kimura and Hirano 1997) . It remains to be determined whether S. pombe condensin shows the same in vitro activity; currently we are trying to purify condensin by overproducing the five gene products within the same cells. Therefore the in vitro DNA renaturation activity reported for the Cut3-Cut14 complex should represent only a part of the whole activity of condensin, and the positive supercoiling activity, which was not detected in the Cut3-Cut14 complex, might require non-SMC subunits.
One common property of the non-SMC subunits of fission yeast and other organisms is that they are acidic (pI < 5.5). They may interact with basic components in chromatin such as histones or high mobility group proteins. Interestingly, only Cut14 is basic (pI = 8.1) among the five subunits, and Cut14 appears to be directly bound to DNA in vitro (T. Sutani and M. Yanagida, unpubl.) . The essential role of non-SMC Cnd1 and Cnd3 is still not well understood. PSI-BLAST search (Altschul et al. 1997 ) revealed a weak homology between Cnd1 or Cnd3 and the ␤ subunit of the AP3 complex (Fig. 8A) . The adapter protein (AP) complex is required for vesicle transport and is involved in the assembly of clathrin (Schmid 1997; Odorizzi et al. 1998) . Homology exists between the AP3-␤ subunit and Cnd1 and Cnd3 in the different regions spanning ∼200 amino acids. Note that clathrin consists of two rod-like regions linked by a hinge-like region called knee (Schmid 1997) , and the role of AP3-␤ is presumed to assist in the assembly of rodlike clathrin molecules. Similarly, Cnd1 and Cnd3 might serve for the correct assembly of the rod-like Cut3 and Cut14 subunits (and possibly also Cnd2) into a higherorder structure (a cartoon is shown in Fig. 8B ). When purified Cut3 was mixed with Cut14 in vitro, they formed a stable complex but at a rather low efficiency (Sutani and Yanagida 1997) . Cnd1 and Cnd3 might have a role in linking the subunits together into the functional condensin architecture. The Drosophila Barrenlike Cnd2 might have a specific role in interacting with chromosomal DNA.
All five subunits tagged with GFP were found to dramatically alter their localization during the cell cycle, the patterns of which were very similar to each other, probably reflecting the behavior of a complex rather than free subunits. Because these genes, except for cnd3 + , were integrated into the chromosome and could thus substitute for the wild-type genes, their behavior should reflect the actual localization changes of the functional condensin complex in vivo. The S. pombe condensin accumulates in the nucleus at an early stage of mitosis and reduces its nuclear level at the end of mitosis. The role for condensation is consistent with nuclear localization in early to mid-mitosis of S. pombe, as fungal mitosis occurs within the closed nucleus. Condensin might be needed for chromosome decondensation, which occurs in late anaphase and telophase, although such a concept has no experimental support yet. It would be difficult to discern such a role in mutant cells, as condensation defects would appear first.
What is the possible physiological significance for shuttling of condensin subunits between the cytoplasm and the nucleus? In frog-and chicken-cultured cells, the majority of condensin SMC subunits are localized in nuclei even in interphase (Hirano and Mitchison 1994; Saitoh et al. 1994 ) so that the S. pombe localization behavior is not universal. A possible explanation is that the S. pombe condensin complex might be active throughout the cell cycle so that its nuclear localization has to be regulated and occurs only in mitosis. In frog, however, it has been established that XCAP-D2 and XCAP-H subunits have to be phosphorylated to activate the in vitro condensin activity (Kimura et al. 1998) . Consistent with this, XCAP-D2 has multiple Cdc2 sites that Cnd1 does not have. Alternatively, the S. pombe condensin may change its localization if its association in the interphase chromosome interferes with other chromatin proteins such that it would inhibit certain DNA metabolisms during the S and G 2 phases. Another possibility is that the S. pombe condensin activity is regulated, as in the frog, and its shuttling between the nucleus and the cytoplasm may represent dispensable behavior. Regulation of Cnd2 may occur by phosphorylation because the amino terminal Cdc2 site is present as in the frog homolog.
We showed that the T19 site of Cut3 is actually phosphorylated in mitosis, perhaps by Cdc2 kinase, peaking at metaphase, and that the T19 phosphorylation is essential for mitotic accumulation of condensin components in the nucleus. The T19A substitution mutant protein remains in the cytoplasm throughout the cell cycle and fails to rescue the temperature-sensitive phenotype of the cut3 mutant. However, the mechanism by which phosphorylation of T19 leads to nuclear accumulation of Cut3 is still unclear. T19-phosphorylated Cut3 might acquire the ability to interact with other proteins, which ensures nuclear accumulation. Our results suggest that the short amino-terminal sequence of Cut3 contains the nuclear export signal (e.g., Fukuda et al., 1997) , but it remains to be determined whether the signal controls localization of the condensin complex. After Cdc2 kinase is inactivated in anaphase, the S. pombe condensin complex is still briefly retained until septation. An additional unknown mechanism might be needed to retain condensin in the postanaphase nucleus.
In summary, this study demonstrates that all of the non-SMC subunits of condensin are absolutely required for mitotic condensation and that Cdc2 kinase promotes chromosome condensation through phosphorylation of the Cut3/SMC4 subunit, which ensures proper cellular positioning during the cell cycle in fission yeast. Whether the regulated activation of condensin by phosphorylation occurs in this organism during mitosis remains to be determined.
Materials and methods
Strains and media
An S. pombe haploid wild-type strain 972 h − and its derivative strains were used: cut3-477, cut14-208 (Saka et al. 1994 ), cdc10-129, cdc25-22 (Nurse et al. 1976 Fantes 1979) , nda3-KM311, and nuc2-663 (Hiraoka et al. 1984; Hirano et al. 1988 ). For gene disruption, a diploid strain was made by crossing between haploids ST485 (h + leu1 ura4 ade6-210) and ST486 (h − leu1 ura4 ade6-216). The complete YPD medium (1% yeast extract, 2% BactoPeptone, and 2% glucose) and the minimal EMM2 (Mitchison 1970) were used. The CN385 strain was isolated by its characteristic nuclear phenotype in cells cultured at 36°C for 4 hr and stained by DAPI (Yamashita et al. 1999, and unpubl.) . The temperature-sensitive phenotype was suppressed by plasmid carrying the cnd2 + gene but not by those carrying the cnd1 + or the cnd3 + gene. Integration rescue of the temperature-sensitive phenotype showed that CN385 was an allele of the cnd2 locus. To produce Cnd2-Myc in cut3 null, a heterozygous diploid containing a cut3 null allele (the ura4 + marker; Saka et al. 1994) was transformed with the integration plasmid containing the cnd2 + -myc gene (the Saccharomyces cerevisiae LEU2 marker). Integration was confirmed by the PCR method. Resulting integrant diploid cells were sporulated, and spores were germinated in the culture medium lacking both uracil and leucine or lacking only leucine. Spores containing Cnd2-Myc in cut3 null could germinate in the medium lacking both uracil and leucine. Cells were fixed and stained by anti-Myc and SBP antibodies 10 hr after germination.
Plasmids
Plasmid pREP1 carrying the nmt1 promoter and its derivative pREP81 (Maundrell 1990; Basi et al. 1993) were used for inducible overproduction. Site-directed mutagenesis was performed by the Sculptor in vitro mutagenesis system (Amersham). All constructs were verified by nucleotide sequencing.
Epitope tagging of cut3
+ and cut14 + NotI restriction sites were introduced at the carboxyl termini of cut3 + and cut14 + genes by the PCR method, and the resulting carboxyl termini were ligated with a triple tandem HA plus hexahistidine (3HA+His6) epitope. Integration plasmid pST337, a derivative of pBluescript KS(+), containing a part of the cut3 + coding region (1.4 kb PstI-NotI), 3HA+His6 tag, and the S. pombe ura4 + gene, was used for transformation of the strain h − ura4 cut3-477. Stable Ura + /Ts + transformants were obtained, and one of them was designated Cut3-3HAH6. In this cell lysate, the epitope-tagged Cut3 protein with the expected molecular mass was detected by immunoblotting. Another integration plasmid pST1421, a derivative of pBluescript KS(+), containing a part of the cut14 + coding region (2.3-kb XhoI-NotI), 3HA+His6 tag, and the S. pombe ura4 + gene, was used for chromosomal integration in the strain of cut14-208. The resulting Ura + /Ts + integrant strain was designated Cut14-3HAH6. GFP (S65T) and 8× Myc tag, instead of 3HA+His6 epitope, were used for GFP and Myc tagging, respectively.
Immunoprecipitation and peptide sequencing
Exponentially growing cells (3 × 10 8 ) of Cut3-3HAH6 or Cut14-3HAH6 strains were lysed in 200 µl of HB buffer [25 mM TrisHCl (pH 7.5), 15 mM MgCl 2 , 15 mM EGTA, 60 mM ␤-glycerophosphate, 15 mM p-nitrophenylphosphate, 0.1 mM NaF, 0.5 mM Na 3 VO 4 , 1 mM DTT, 0.1% NP-40, 1 mM PMSF] containing protease inhibitors (1 µg/ml leupeptin, 1 µg/ml aprotinin, 1 µg/ml pepstatin A). Extracts were centrifuged twice (10 and 20 min, 17,000g), and BSA (Boehringer) was added to a final concentration of 5 mg/ml. Extracts were incubated with protein A-Sepharose (50 µl) for 1 hr and then with mAb 12CA5 crosslinked to protein A-Sepharose (10 µl of 12CA5 beads) for 3 hr. Beads were washed five times with 1 ml of HB buffer, and proteins eluted with 20 mM NaOH were separated on an SDSpolyacrylamide gel and detected by immunoblotting using anticut3 and anti-HA antibodies or silver staining. To isolate p128, p105, and p100 polypeptides, Cut3-3HAH6 cells (5 × 10 10 ) were broken in 17 ml of HB buffer containing protease inhibitors. Extract was centrifuged twice (20 min at 20,000g) and incubated with protein A-Sepharose (3 ml) for 1 hr with 0.4 ml of 12CA5 beads for 4 hr. Beads were washed seven times with 10 ml of HB. Proteins bound to the beads were eluted with 20 mM NaOH and separated on an SDS-polyacrylamide gel. Protein bands visualized by Coomassie brilliant blue R250 were excised and treated with 0.2 µg of a lysyl bond-specific protease, Achromobacter protease I [a gift from Dr. Masaki (Masaki et al. 1981 )] in 0.1 M Tris-HCl (pH 9.0) containing 0.1% SDS and 1 mM EDTA at 37°C overnight. The peptides generated were extracted from the gel and separated on tandem columns of DEAE-5PW (2 × 20 mm; Tosoh) and Mightysil RP-18 (2 × 50 mm; Kanto Chemical) with a model 1100 liquid chromatograph (Hewlett Packard). Selected 
